1. Introduction {#sec0005}
===============

Social anxiety refers to feelings of discomfort in a wide variety of social situations, such as public speaking, interacting with an interviewer, or coping with strangers. Generally, individuals with high social anxiety exhibit exaggerated somatic symptoms, such as headaches, cold sweats and gastrointestinal discomfort, which may lead to social avoidance ([@bib0170]). Social anxiety is a common problem that usually emerges in the teenage years, during which great developmental changes occur both in the brain and mental state, and is often accompanied by a high risk of mental illness ([@bib0200]). Notably, the incidence rate of social anxiety disorder among adolescents has increased in recent years ([@bib0275]). In sum, these studies support that early adolescence is a crucial time period for individuals with excessive social anxiety. However, little is known about the neural and cognitive basis of social anxiety in adolescents. The present study begins to resolve this issue by exploring the structural and functional basis of individual differences in social anxiety with a large group of adolescents.

Converging evidence supports the critical role of the amygdala in the perception of emotional stimuli, the processing of social signals, and the response to threats ([@bib0130]; [@bib0145]; [@bib0210]; [@bib0230]). For example, a patient with social anxiety disorder exhibited exaggerated amygdala reactivity to social cues of threat in an emotion perception task ([@bib0230]). In addition to the amygdala, irregular brain volume of the prefrontal cortex (including ACC, OFC, VMPFC) is also widely reported to be associated with social anxiety ([@bib0185]; [@bib0255]; [@bib0295]). It is well confirmed that the prefrontal region, especially the OFC and the ventromedial prefrontal cortex (vmPFC), play crucial roles in the regulation of negative affect and fear response ([@bib0035]; [@bib0105]; [@bib0125]), considering the strong structural connections between the prefrontal cortex and the amygdala ([@bib0025]; [@bib0215]). Neurocognitive models of fear modulation emphasize top-down regulation of prefrontal regions toward the amygdala ([@bib0210]; [@bib0345]). Following this logic, aberrant structural or functional connectivity of amygdala-prefrontal may prompt the inefficient down-regulation of anxiety responses ([@bib0015]; [@bib0110]; [@bib0205]). Consequently, a prominent hypothesis predicts social anxiety might associated with the abnormal structure or function of frontal-limbic system.

From the cognitive processing perspective, anxiety in individuals is characterized by the attention biases toward threat stimuli ([@bib0030]).The particular form of inappropriate processing has been confirmed to be crucial in the etiology and maintenance of emotional disorders ([@bib0250]). Numerous studies suggest that there is a robust association between social anxiety and attention bias, However, the relationship between social anxiety and attention bias still remains controversial ([@bib0220]; [@bib0260]; [@bib0315]; [@bib0330]). Some studies have shown that anxious individuals pay more attention to negative stimuli ([@bib0250]; Telzer et al., 2008; [@bib0315]), whereas other studies produce opposite results suggesting that anxious individuals exert attentional bias away from negative stimuli ([@bib0045]; [@bib0165]). A study by Vassilopoulos indicated that anxious individual tends to direct attention toward threat stimuli at a 200 ms presentation duration and then away from these stimuli at 500 ms ([@bib0315]). Cognitive neuroscience studies have shown that the amygdala is involved in attentional bias toward threat ([@bib0050]; [@bib0065]). For example, functional connectivity between the amygdala and ACC is negatively correlated with attention bias toward fearful faces ([@bib0040]). Social anxiety is associated with attention bias, which relied on the amygdala's function. For some people, social anxiety improves as they get older, although for others it doesn\'t go away on its own. Thus far, plenty of studies have investigated the neural basis of social anxiety. Nonetheless, there remains a lack of research focused on social anxiety during the most crucial developmental period---adolescence. Therefore, it is of great significance to investigate the neural and psychological feature of social anxiety and integrate all of that information into a neurocognitive model of social anxiety. Firstly, the current study applied VBM and functional connectivity to investigate the neural basis of social anxiety in a large group of adolescents. Secondly, considering the controversial relationship between attention bias and anxiety, we adopted a dot probe task to explore whether social anxiety was associated with attention bias. Furthermore, we attempted to explore the neural basis of the connection between social anxiety and attention bias in order to obtain a deeper understanding of social anxiety and its underlying mechanisms. Finally, a longitudinal method was used in the present study to determine if the neural basis of social anxiety could predict the social anxiety of an individual one year later. Compared with cross-sectional studies, longitudinal studies increase statistical power, and can be used to predict behavior in the future. Drawing upon findings from previous neuroimaging studies, we hypothesized that social anxiety might be associated with the GMV of the brain regions involved in emotion regulation (e.g., especially the OFC) and the FC between these regions and the amygdala, as previous studies suggested the defect in frontal-limbic circuits in anxiety disorder ([@bib0120]). Based on the self-focused model of social anxiety ([@bib0055]; [@bib0175]), we hypothesized that people with high social anxiety would demonstrate attention avoidance when shown images of angry faces.

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

This study was conducted as part of the Chinese Color Nest Project (Chinese Color Nest Project: Growing up in China). In total, we collected structural and functional MRI scans of 192 healthy right-handed adolescents who were recruited from Chao Yang primary school and Chao Yang middle school. Subjects with a history of neurological or psychiatric diseases or substance abuse were excluded at the beginning. 148 participants completed the behavioral measures (44 participants were excluded for missing one or more answers of the questionnaire). One year later, 66 participants completed the behavior measures. The investigation was conducted in accordance with Helsinki Declaration. All of the subjects completed the MRI scan. Before the MRI scanning, they were informed of the procedure of the experiment, and signed a consent form. The present study was approved by the Research Project Ethical Review Application Form, Faculty of Psychology. Written informed consent was obtained from teachers (rate 100 %), parents (rate 100 %), and participants (rate 100 %).

2.2. MRI data acquisition {#sec0020}
-------------------------

The magnetic resonance imaging (MRI) scans were obtained by a 3-T Siemens Magnetom Trio scanner (Siemens Medical, Erlangen, Germany). High-resolutionT1-weighted anatomical images were acquired using a magnetization-prepared rapid gradient echo (MPRAGE) sequence (repetition time =1900 ms, echo time =3.02 ms, inversion time =900 ms, flip angle = 8°; slices = 176; slice thickness = 1.0 mm; resolution matrix = 256 × 256; voxel size = 1 × 1×1 mm^3^). The scanning time of a resting state MRI was 7 min 45 s, using gradient-echoplanar imaging (EPI) sequence with the following parameters: slice = 38, repetition time (TR)/echo time (TE) = 2500/30 ms, flip angle = 80°, field of view (FOV) = 216 mm × 216 mm, and thickness/slice gap = 3/0.33 mm, voxel size 3 × 3 × 3 mm^3^.

2.3. Dot probe task {#sec0025}
-------------------

Participants completed the experiment outside of the MRI scanner. Eprime 2.0 software (<https://pstnet.com/products/e-prime/>) was used to control the presentation of stimuli and to record response accuracy and response time. The dot probe task was designed according to MacLeod ([@bib0160]). At the beginning of the task, there was a fixation cross presented for 500 ms on the screen, followed by a pair of faces for 500 ms, after which the dots appeared, then the dots disappeared. The participants were then asked to identify whether the small dots were arranged horizontally or vertically by pressing the associated key (see [Fig. 1](#fig0005){ref-type="fig"}). Before the real experiment started, participants were given five practice trials to familiarize themselves with the procedure. The task contained 6 conditions: 3 emotion face pairs (neutral and happy, NH, neutral and sad, NS, neutral and angry, NA) x 2 probe locations (in the location of the emotional face or the neutral face) and was comprised of 2blocks of 130 trails (NH 44 trails, NS 44 trails, NA 42 trails), with a short break between the blocks. Attention bias scores were calculated as follows:Fig. 1Illustration of the Dot probe task. At the begging of the task, there was a fixation cross presented for 500 ms in the screen, then followed by a pair of emotional faces for 500 ms, after which the target appeared, then the participants need to identify whether the dots were arranged horizontal or vertical by pressing the particular key.Fig. 1

R = right positon; L = left position; p = probe; e = emotional face. In this equation, RpLe represents the mean reaction time when the probe is in the right position and the emotional face is in the left position, and so on. This equation calculates the "attention capturing" quality of emotional faces by subtracting the mean probe detection times for probes appearing in the same position as the emotional face from the mean probe detection times for probes appearing in a different position than the emotional face ([@bib0085]). Positive bias scores represent the allocation of attention toward the emotional face relative to matched neutral faces, and negative bias scores represent the allocation of attention away from emotional face relative to matched neutral faces, that is attention avoidance.

2.4. Assessment of individual social anxiety {#sec0030}
--------------------------------------------

Social anxiety was assessed by the multidimensional anxiety scale for children (MASC), which was designed by March in 1997 ([@bib0170]) and has been widely used in childhood anxiety research. MASC is a useful adjunct to the diagnosis of anxiety disorders. The whole scale contains 39 items and measures four main parts of children's anxiety (Physical symptoms, Harm avoidance, Social anxiety, and Separation anxiety). Self-reporting measures consisted of a 4-item Likert-type scale to describe the degree of each item, with responses ranging from "almost never" to "often". The Cronbach\'s alpha of the scale was 0.905 in this sample.

2.5. Preprocessing of MRI data {#sec0035}
------------------------------

The structural MRI data were processed using Statistical Parametric Mapping software (SPM8;Wellcome Department of Cognitive Neurology, London, UK ([www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm/){#intr0010}) implemented in MATLAB 7.8 (Math Works Inc., Natick, MA, USA). MRI scans were displayed in SPM8 to screen for artifacts or gross anatomical abnormalities. The reorientation of the images was manually set to the posterior commissure for better registration. Then, a new segment was implied to segment the images into grey matter, white matter, and cerebrospinal fluid in SPM8. We then performed Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) in SPM8 for registration, normalization, and modulation ([@bib0010]). To ensure that regional differences in the absolute amount of grey matter were conserved, the image intensity of each voxel was modulated by the Jacobian determinants. Then, the registered images were transformed to the Montreal Neurological Institute (MNI) space. Finally, the normalized modulated images (grey and white matter images) were smoothed with an 8 mm full-width at half-maximum (FWHM) Gaussian kernel to increase the signal-to-noise ratio.

Resting-state fMRI data was preprocessed by data processing assistant for resting-state fMRI (DPARSF) software (<http://www.restfmri.net/forum/DPARSF>) ([@bib0350]). The first 10 volumes of the functional images were excluded to ensure signal equilibrium and participants' adaptation to their immediate environment. Thus, the remaining 174 images were included for further analysis. The preprocessing procedure was as follows: slice timing, head motion correction, and spatial normalization to a standard template. Then all the nuisance variables (global mean signal, white matter, cerebrospinal fluid, and 24 motion parameters for head movement) were regressed out to avoid the potential impact of physiological artifacts. All images were spatially normalized to the MNI template and resampled into 3-mm cubic voxels, followed by spatial smoothing (6 mm FWHM). Subsequently, the smoothed data were filtered by a band pass filter (0.01--0.1 Hz). 24 subjects were excluded maximal motion between volumes in each direction \>3 mm, and rotation about each axis \>3°, or displaced frames \>20 % in the scrubbing procedure.

2.6. Voxel-based morphometry analysis {#sec0040}
-------------------------------------

Statistical analyses of grey matter volume (GMV) data were performed using SPM8. In the whole-brain analyses, multiple linear regression was used to identify regions where the GMV was associated with individual differences in social anxiety. The social anxiety scores were used as the variable of interest in these analyses. Age, sex, and whole brain volume were included as covariates in the regression model to control for possible confounding variables. We also applied explicit masking using the population-specific masking toolbox in SPM8 to restrict the search volume within grey matter (<http://www.cs.ucl.ac.uk/staff/g.ridgway/masking/>). This approach was used instead of absolute or relative threshold masking so as to reduce the risk of false negatives caused by overly restrictive masking, in which potentially interesting voxels are excluded from the statistical analysis ([@bib0240]). The results were corrected by family-wise error (FWE) correction (p \< 0.05).

2.7. Functional connectivity analysis {#sec0045}
-------------------------------------

Functional connectivity was investigated using a region of interest (ROI) based method performed in the Resting-State fMRI Data Analysis Toolkit (REST) software package ([@bib0280]). The VBM results were used as ROI in the present analysis (center at -13.5, 58.5, -19.5). The functional connectivity map was computed through correlating the average time series of the seed region and the time series of other voxels in the whole brain. The resulting correlation coefficient map was then converted into a z-map by Fisher's r-to-z transformation to improve the normality. Subsequently, multiple regression analysis was performed to examine whether there was a correlation between individual social anxiety and resting state functional connectivity (RSFC) of the OFC. Age and sex were included as regressors of no interest. Previous studies suggested the OFC and amygdala were structural connected through the uncinate fasciculus ([@bib0320]), and the abnormal modulation of OFC on amygdala was reported to be associated with anxiety related symptom ([@bib0080]; [@bib0095]), which was involved in regulating anxiety during threat exposure ([@bib0060]). Thus, the connectivity between OFC and amygdala is of particular interest in this study. We conduct small volume correction (SVC) on the FC results (P \< 0.05). The masks of amygdala were generated based on the AAL template ([@bib0305])

2.8. Mediation analysis {#sec0050}
-----------------------

To test whether the FC of the OFC-amygdala could explain the relationship between attention bias and social anxiety, we performed a mediation analysis. A mediating variable (M) is a variable that is part of the causal pathway by which an independent variable (X) affects a dependent variable (Y). Mediation analyses were conducted using the indirect macro designed for SPSS ([@bib0235]). In the current study, X is the social anxiety, Y is the attention bias, and M is the FC of the OFC-amygdala. Age and sex were used as covariates in the model. This macro uses bootstrapped sampling to estimate the indirect mediation effect. In this analysis, 2000 bootstrapped samples were drawn, and bias corrected 95 % bootstrap confidence intervals (CIs) were reported. CIs that do not include zero indicate a significant indirect effect of the independent variable on the dependent variable through the mediators ([@bib0235]).

2.9. Prediction analysis {#sec0055}
------------------------

To test the robustness of the brain-behavior relationship, we performed a machine-learning method named linear support vector regression (SVR) and leave one out cross-validation procedure ([@bib0290]). Social anxiety was taken as the dependent variable and the GMV of OFC and the FC between OFC and amygdala were taken as independent variables in the linear regression algorithm. The r~(predicted,\ observed)~ was estimated by leave one out cross-validation, and represent the prediction accuracy of the independent variable.

3. Results {#sec0060}
==========

3.1. Descriptive statistics {#sec0065}
---------------------------

The demographic data and behavioral results are shown in [Table 1](#tbl0005){ref-type="table"} and [Fig. 2](#fig0010){ref-type="fig"}. Social anxiety was significantly correlated with age (r = 0.295, p = 0.001), and no gender difference of social anxiety was found in the present study (t = 0.166, p = 0.462). There were significant positive relationship between social anxiety and somatic symptoms (r = 0.555, p \< 0.001). We also found that social anxiety was negatively correlated with attention bias (r = -0.239, p = 0.03), indicating that adolescents with higher social anxiety showed increased attention avoidance to an angry face. In the next section of the paper, the attention bias is equal to the attention score of angry face. In addition, there were significant association between social anxiety of Time 1 and Time 2 (r = 0.288 p = 0.02).Table 1Demographic data.Table 1Time 1 (n = 148)Time 2 (n = 66)MeasureMeanSDRangeMeanSDRangeSocial anxiety8.736.610−267.947.120−23Physical symptom6.626.030−214.735.720−25Harm avoidance14.414.753−2513.885.260−26Separation anxiety6.114.600−185.804.320−23[^1]Fig. 2The distribution of the age.Fig. 2

3.2. Correlations between GMV and social anxiety {#sec0070}
------------------------------------------------

After correcting for age, sex, and global grey matter volumes, social anxiety was correlated with the GMV of the OFC (MNI coordinate: -13.5, 58.5, -19.5; t = 4.7; Cluster size = 621; p \< 0.001) and corrected for multiple comparisons at the cluster-level of p \< 0.05 with Family Wise Error correction (See [Fig. 3](#fig0015){ref-type="fig"}). Considering the age span (7--18 years) of the sample, we divided the sample into 2 groups to test if social anxiety was still correlated with the GMV of the OFC. The results indicated that there were significant correlations between social anxiety and the GMV of the OFC in these 2 groups. (see supplementary information, Fig S1)Fig. 3The GMV of OFC is positively correlated with social anxiety and the scatterplot in the right depicted the relationship between social anxiety and mean GMV of OFC. For visualization purposes, we used a relatively less stringent yet accepted thresholding criteria, with a height threshold of p \< 0.005.Fig. 3

3.3. Correlations between RSFC and social anxiety {#sec0075}
-------------------------------------------------

We examined brain regions that showed significant correlations between the social anxiety and the strength of FC with the OFC. The results supported previous hypotheses that social anxiety is positively correlated with the FC between the OFC and the amygdala (MNI coordinate: 21, 6, -18; t = 4.9; Cluster size = 11; p \< 0.001) and corrected for multiple comparisons at the cluster-level of p \< 0.05 with SVC (See [Fig. 4](#fig0020){ref-type="fig"}). Considering the age span (7--18 years) of the sample, we divided the sample into 2 groups to test if social anxiety is still correlated with the FC between the OFC and the amygdala. The results indicated that there were significant correlations between social anxiety and the FC between OFC and amygdala in 2 groups. (see supplementary information Fig S2)Fig. 4The FC of OFC-Amygdala is positively correlated with social anxiety and the scatterplot in the right depicted the relationship between social anxiety and the FC of OFC-Amygdala. For visualization purposes, we used a relatively less stringent yet accepted thresholding criteria, with a height threshold of p \< 0.005.Fig. 4

3.4. Mediation results {#sec0080}
----------------------

Indirect mediation effects can be interpreted as the strength of the relationship between social anxiety and attention bias when accounting for mediating pathways. Social anxiety is negatively associated with attention bias. FC of the OFC-amygdala was positively correlated with social anxiety (r = 0.364, p = 0.002) and attention bias (r = 0.269, p = 0.02). Further mediation analysis indicated that FC between the OFC and the amygdala mediate the relationship between social anxiety and attention bias. The results showed a significant and indirect effect between social anxiety and attention bias, CI \[2.7074, 3.951\], through the FC of the OFC-amygdala (see [Fig. 5](#fig0025){ref-type="fig"})Fig. 5The mediation resultsshowed that the FC of OFC-Amygdala partly mediated the association between social anxiety and attention avoidance. \* p \< 0.05; \*\* p \< 0.01.Fig. 5

3.5. Prediction of future social anxiety {#sec0085}
----------------------------------------

The regression model was applied to investigate whether the structural and functional results could predict future social anxiety. The results indicated a close relationship between future social anxiety and the FC between the OFC-amygdala and the GMV of OFC (r~(predicted,\ observed)~ = 0.301, p = 0.02, see [Fig. 6](#fig0030){ref-type="fig"}).Fig. 6The correlation between the actual value and predicted value of social anxiety.Fig. 6

4. Discussion {#sec0090}
=============

Behavior results indicated that social anxiety is associated with physical symptoms (such as trembling, tachycardia, etc). MRI results indicated that social anxiety is positively correlated with GMV of the left OFC. This is supported by previous studies that found anxiety is associated with disrupted functioning of the OFC ([@bib0090]; [@bib0205]; [@bib0245]). The OFC is widely reported to be involved in controlling emotional responses ([@bib0100]; [@bib0125]; [@bib0195]), including evaluating the negative emotion state and mediating the response toward negative stimuli ([@bib0070]; [@bib0190]). For example, when faced with a stressful situation, such as public speaking, patients with social anxiety disorder show higher OFC activation compared with the healthy controls. This confirmed that the perspective of patients with social anxiety disorder needs more involvement of the OFC to regulate fear response ([@bib0155]; [@bib0265]; [@bib0300]). Additionally, social anxiety is significantly associated with FC of the OFC-amygdala. Aberrant FC of the OFC-amygdala is reported both in rest and task fMRI studies ([@bib0150]; [@bib0270]). As the most critical node of the limbic system, the amygdala is crucial for imbuing percepts with affective significance, especially for frightening or dangerous environmental stimuli ([@bib0005]; [@bib0140]). Regulation of the amygdala has been shown to be essential for emotional processing in the extended limbic system. A growing body of fundamental studies indicated that there are strong anatomical connections between the OFC and the amygdala ([@bib0075]; [@bib0285]), which supports the top-down modulation of prefrontal regions toward the amygdala during fear regulation ([@bib0210]). In sum, social anxiety is characterized by hyperactivity of fear-processing circuits toward negative or threat cues ([@bib0135]; [@bib0220]). On the basis of the structural and functional results, social anxiety is positively correlated with the GMV of the OFC, and the FC of the OFC-amygdala, which aligns with the fact that individuals with higher levels of social anxiety may experience more pressure, embarrassment, and frustration, thus they might more frequently invoke the OFC to regulate the amygdala's response toward negative emotion. The prediction analysis supports the key role of the OFC and its connectivity with the amygdala in social anxiety.

The results showed that social anxiety is negatively correlated with the attention bias score of an angry face, which was in accordance with previous studies in which people with mild social anxiety tend to avoid negative faces in dot probe tasks ([@bib0165]; [@bib0225]; [@bib0325]). It is well documented that compared with an external stimulus, people with social phobia might attribute more attention to themselves. This self-focused processing style allows them to selectively allocate attention away from potential stressors, which gradually develops into a coping strategy for constant anxiety ([@bib0335]).With respect to recent studies linking attentional avoidance to emotional regulation strategies ([@bib0115]; [@bib0340]), we investigated the relationship between attentional avoidance and coping style in a sample of adults. The results indicated that attentional avoidance is positively associated with avoidant coping (This result came from another study of the lab. The paper is still in preparation). Thus, the present study might indicate that people with high social anxiety may not be able to regulate negative affect due to an unavailability of other cognitive coping resources ([@bib0020]; [@bib0180]; [@bib0310]).

In the present study, higher FC of the OFC-amygdala is associated with lower attention avoidance of threat stimuli. Further analysis indicated that the relationship between social anxiety and attention avoidance is partly mediated by the FC of the OFC-amygdala. Considering the role of the OFC-amygdala in threat processing and emotion regulation, it's reasonable to infer that stronger FC of the OFC-amygdala could decrease the tendency of attention avoidance when facing negative stimuli, thus facilitating effective emotion regulation. Together, all of the above results provide evidence for the idea that during the time of growth, adolescents with higher social anxiety develop a compensatory neuro-mechanism (higher FC of the OFC-amygdala) to cope with anxiety-arousing stimuli. Stronger FC of the OFC-amygdala can slightly decrease the tendency of attention avoidance when faced with negative stimuli, thus facilitating effective emotion regulation.

5. Conclusion {#sec0095}
=============

Humans are social beings and regular socializing is needed to keep ourselves healthy and lively. Thus, it is necessary to focus on the neural and cognitive mechanism of adolescents' social anxiety and explore potential interventions to alleviate it. Since there is significant association between social anxiety and attention bias, we can infer that attention bias modification (ABM) might be an effective intervention to alleviate adolescents' social anxiety. The present study also indicated the OFC and its connection with amygdala as the vital neural underpinnings for social anxiety. Considering the mediation role for the FC of OFC-amygdala in the relationship between social anxiety and attention bias, it might be used as a target in neurobiological training for social anxiety.

Declaration of Competing Interest
=================================

We declare that we do not have any commercial or associative interest that represents a conflict of interest in connection with the work submitted.

Appendix A. Supplementary data {#sec0105}
==============================

The following is Supplementary data to this article:

This study funded by the Innovative Research Project for Postgraduate Student of Chongqing (CYB19102). 10.13039/501100001809National Natural Science Foundation of China (31800947; 31470981; 31571137; 31500885; 31600878; 31771231), Project of the National Defense Science and Technology Innovation Special Zone, Chang Jiang Scholars Program, National Outstanding Young People Plan, the Program for the Top Young Talents by Chongqing, the Fundamental Research Funds for the Central Universities (SWU1609177), 10.13039/501100005230Natural Science Foundation of Chongqing (cstc2015jcyjA10106), 10.13039/501100010261Fok Ying Tung Education Foundation (151023), the Research Program Funds of the Collaborative Innovation Center of Assessment toward Basic Education Quality at Beijing Normal University.

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.dcn.2020.100804>.

[^1]: Note: SD = standard deviation.
